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Victoria Street, Gatineau, Canada QC K1A OC9.Recombinant expression of eukaryotic proteins in bacteria often results in misfolding and aggrega-
tion. The ribosome-binding Trigger factor (TF) is the ﬁrst molecular chaperone that interacts with
nascent polypeptide chains in bacteria. Here we show that mutant TF lacking the PPIase domain
(TFNC) is more efﬁcient than wild-type TF in enhancing the folding yield of multi-domain proteins
such as ﬁreﬂy luciferase. We ﬁnd that TFNC has a shorter residence time on nascent chains, thus
facilitating co-translational folding. By delaying folding relative to translation, the PPIase domain
may increase the propensity of misfolding for certain eukaryotic proteins that rely on a mechanism
of co-translational, domain-wise folding.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The heterologous expression of eukaryotic multi-domain
proteins in bacterial hosts often fails to yield functionally active
product [1,2]. This may be attributed, at least in part, to an incom-
patibility of these proteins with the bacterial folding machinery,
which tends to delay folding relative to translation, as shown for
ﬁreﬂy luciferase (Luc) and various fusion proteins [3,4]. In eukary-
otes, such proteins undergo efﬁcient co-translational, domain-wise
folding, thereby avoiding non-native interactions between con-
comitantly folding domains that may result in the formation of
aggregation-prone states [3,5]. Efﬁcient co-translational folding is
likely facilitated by the eukaryotic machinery of molecular chaper-
ones and a slower translation speed compared to bacteria [6].
Chaperone co-expression is a commonly used method to pre-
vent protein aggregation [2]. Trigger factor (TF), the Hsp70 system
(DnaK, DnaJ, GrpE) and the GroEL/GroES chaperonin system consti-
tute the major components of the cytosolic chaperone network in
bacteria and interact with newly synthesized polypeptides through
various stages of their folding [1,7]. However, while increasedchemical Societies. Published by E
l).
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Ofﬁce, Industry Canada, 50folding yields are observed in many speciﬁc cases, the overexpres-
sion of these chaperones, individually or in combination, does not
generally improve the folding of eukaryotic multi-domain proteins
upon recombinant expression [3,5,8].
Unlike many other bacterial chaperones, the abundant Trigger
factor (TF) has no homologs in eukarya. Indeed, TF was shown to
delay the folding of the multi-domain model protein Luc, prohibit-
ing its efﬁcient co-translational folding [5]. This effect is thought to
be based on the binding of TF to hydrophobic sequence elements
exposed by nascent polypeptides [9,10]. TF binds to the ribosome
close to the polypeptide exit [11] and interacts with emerging nas-
cent chains [12–15]. It is a modular protein of 48 kDa consisting of
an N-terminal domain, a PPIase domain and a C-terminal domain
[16] (Fig. 1A). The N-domain interacts with the ribosome [16,17]
and is connected with the PPIase domain via a long linker. As a
result, the C-domain is positioned between the N- and PPIase do-
mains and together with the N-domain forms the major chaperone
site [10,18,19]. The PPIase domain is similar to the FKBP family of
proteins and in vitro catalyzes the cis–trans isomerisation of pep-
tide bonds preceding proline [20,21]. Notably, it is not essential
for TF function in vivo, as a TF mutant containing only the N-
and C-domains, TFNC, can rescue the synthetic lethal phenotype
of the DdnaKDtig double mutant [22,23]. The PPIase domain ap-
pears to be a secondary chaperone domain that interacts with
some nascent chain substrates [10,15,18].
In this study we addressed the possibility that the PPIase do-
main contributes to the TF-mediated delay of folding relative to
translation for certain eukaryotic multi-domain proteins, such aslsevier B.V. All rights reserved.
Fig. 1. Luc speciﬁc activity and solubility in the presence of TF or TFNC. (A) E. coli TF and TFNC were modeled according to the structure coordinates [16]. (B) Luc was
translated in the absence or presence of TF or TFNC in the PURE system. Luc speciﬁc activity and solubility (fraction of protein in soluble supernatant fraction after
centrifugation) was compared. (C) pBAD-Luc was co-expressed with an empty vector (control) or pOFX-TF or pOFX-TFNC in MC4100 Dtig cells. Luc speciﬁc activity and
solubility was compared.
R. Gupta et al. / FEBS Letters 584 (2010) 3620–3624 3621Luc and a fusion protein of H-ras and dihydrofolate reductase
(DHFR). We show that TFNC improves the folding of these proteins
in a reconstituted in vitro translation system and in Escherichia coli
cells in vivo, concomitant with a shift of folding towards a more co-
translational pathway.
2. Materials and methods
2.1. Plasmids and PCR products
For in vitro studies, pET3a-Luc containing C-terminal c-Myc and
His6 tags and pET3a–Ras–DHFR–His6 were used [4,5]. TF and TFNC
were cloned in pProEX-Hta [10]. TF150C and TFNC150C were gen-
erated by site-directed mutagenesis. For co-expression studies in
Dtig MC4100 cells, pBAD18-Luc containing C-terminal c-Myc and
His6 tags was used [5] and Ras–DHFR–His6 [4] was subcloned in
pBAD18. TF and TFNC were cloned in pOFXlac-1 [24].
2.2. Protein puriﬁcation
TF, TF150C, TFNC and TFNC150C, containing TEV cleavable
N-terminal His6 tags, were puriﬁed by metal chelating chromatog-
raphy. The His6 tag was removed following puriﬁcation.2.3. In vitro translation
Luc was translated from the pET3a-Luc plasmid and Ras–DHFR
from pET3a–Ras–DHFR–His6 in the E. coli PURE system (Post Gen-
ome Institute, Japan) [25] or the E. coli RTS system (Roche) (Fig. 2).
Translation was performed in the absence or presence of 5 lM TF/
TFNC with 0.8 lCi/ll of 35S-methionine and 35S-cysteine (Express
Protein Labeling Mix, PerkinElmer) by incubation for 1 h at 30 C.
Luc activity was measured [5]. Proteins were quantiﬁed by immu-
noblotting using c-Myc antibody or by autoradiography using a
phosphorimager. Speciﬁc activities were calculated by normalizing
Luc activity with full-length protein amount. Aggregated Luc was
pelleted by centrifugation at 20 800g for 30 min.
Ras–DHFR folding was assessed by limited proteolysis (12.5 lg/
ml proteinase K for 8 min on ice) [4]. Reactions were analyzed by
SDS–PAGE and autoradiography. Efﬁciency of DHFR folding was
determined by dividing the density of the DHFR band produced
by proteolysis (Fig. 4B, lane 10) with the density contributed by
DHFR in full length Ras–DHFR (Fig. 4, lane 5), based on the relative
methionine and cysteine content of Ras and DHFR.
To analyze post-translational folding of Luc, translation in the
presence or absence of TF/TFNC was inhibited after 30 min with
RNaseA (50 lg/ml). Luc activity was measured immediately before
Fig. 2. Kinetics of Luc translation and folding. Luc was translated in the absence or
presence of TF or TFNC in RTS. (A) Luc activity normalized to the maximum activity
was plotted against time. (B) Aliquots taken at different time points were separated
by SDS–PAGE and visualized by autoradiography. There is no apparent difference in
translation kinetics with and without added chaperone. (C) Comparison of Luc
speciﬁc activity after 65 min of translation.
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prior to the addition of RNaseA were set to 1 [5].
2.4. Co-expression studies in MC4100 Dtig E. coli
MC4100 Dtig E. coli cells were cotransformed with pBAD18-Luc
or pBAD18–Ras–DHFR–His6 and pOFXlac-1 or pOFXlac-1TF or
pOFXlac-1TFNC and grown in LB media to an OD600nm of 0.5 at
30 C. TF or TFNC were overexpressed by induction with 1 mM
IPTG for 30 min before induction of Luc with 0.2% arabinose for
30 min. Spheroplasts were produced and lysed in 50 mM Tris–
HCl pH 7.5 containing 0.2% Triton X-100, 100 U/ml Benzonase
(Merck), EDTA-free protease inhibitors (Roche) and 5 mM MgSO4.
Luc speciﬁc activity was calculated and aggregated Luc quantiﬁed.
2.5. Fluorescence measurements
TF150C and TFNC150C were labeled with NBD (N-((2-(iodoacet-
oxy) ethyl)-N-methyl) amino-7-nitrobenz-2-oxa-1,3-diazole (IAN-
BD ester)) [10]. Fluorescence changes were measured on a
Fluorolog 3 ﬂuorimeter (Jobin Yvon) at 30 C. One micromolar of
TF150-NBD or TFNC150-NBD was preincubated with PURE systemfor 3 min until a steady signal was reached, followed by transla-
tion initiation by addition of DNA (10 ng/ll ﬁnal). Once the ﬂuores-
cence signal saturated, NBD-labeled TF was competed with 20 lM
unlabeled TF [10].3. Results and discussion
3.1. TFNC is more efﬁcient than TF in assisting Luc folding
In TFNC the PPIase domain of TF (residues 151–243) is substi-
tuted with the linker sequence GTSAAAG (Fig. 1A). TFNC binds to
ribosomes with similar kinetics as TF [10]. To study the effect of
the PPIase domain on de novo folding of Luc, we utilized the PURE
system which consists of puriﬁed components of the E. coli trans-
lational machinery and represents a chaperone-free environment
[25]. Luc was translated in the absence or presence of 5 lM TF or
TFNC. We found that TFNC was able to support Luc folding more
efﬁciently than TF. Addition of TF improved the speciﬁc activity
of Luc 1.7-fold, whereas TFNC led to a 2.6-fold increase in speciﬁc
activity (Fig. 1B). Both, TF and TFNC increased the solubility of Luc
from 60% to 80% (Fig. 1B).
To analyze the effect of TFNC on Luc folding in vivo, we co-ex-
pressed TF or TFNC with Luc in MC4100 Dtig E. coli cells. Again,
the speciﬁc activity of Luc in the presence of TFNC was higher than
in the presence of TF (Fig. 1C). Moreover, in the crowded cellular
environment the solubility of Luc improved with the increase in
speciﬁc activity. Evidently, TFNC is more active as a chaperone than
TF in supporting Luc folding.
3.2. TFNC-mediated Luc folding is more co-translational
Efﬁcient Luc folding in the eukaryotic system occurs through a
co-translational pathway [5]. We therefore tested whether the in-
crease in Luc folding yield achieved by TFNC correlated with a
modulation of folding kinetics. Luc was translated in the E. coli
RTS translation extract in the absence or presence of TF or TFNC
and the production of Luc protein and activity were monitored
over time. RTS has previously been used to study the effect of TF
on Luc folding kinetics [5]. In the reaction containing TF we ob-
served a marked delay in the appearance of folded Luc compared
to the unsupplemented reaction (t1/2  27 min compared to
22 min), as reported earlier [5]. Notably, the delay was less pro-
nounced in the TFNC reaction (t1/2  24 min), while the kinetics
of Luc translation itself was essentially unchanged (Fig. 2A and
B). Thus, in the presence of TFNC, Luc folding may be more co-
translational. An enhancement in folding yield was also observed
with TFNC (Fig. 2C). In conclusion, the PPIase domain imposes a de-
lay on Luc folding which correlates with reduced folding efﬁciency,
in support of the ﬁnding that post-translational folding of Luc re-
sults in misfolding of a fraction of molecules [5].
3.3. TFNC has a shorter residence time on Luc nascent chains than TF
To characterize the interaction of TFNC with Luc nascent chains
in more detail, we generated single cysteine mutants of TF and
TFNC at position 150 and labeled them with the ﬂuorophore
NBD, whose ﬂuorescence increases in a hydrophobic environment.
Translation of Luc in the presence of NBD-labeled TF/TFNC resulted
in an increase in NBD ﬂuorescence, reﬂecting the afﬁnity of the
chaperone for hydrophobic segments of Luc [10,26]. Addition of
excess unlabeled TF to these reactions led to a decrease in ﬂuores-
cence with kinetics reﬂecting the off-rate of TF and TFNC from Luc
nascent chains (Fig. 3A). Interestingly, TFNC dissociated from the
Luc nascent chains faster than TF, with a t1/2 of 52 ± 9 s compared
to 111 ± 7 s for TF (Fig. 3B). Notably, these rates of dissociation are
Fig. 3. Residence time of TF and TFNC on Luc nascent chains and resulting folding
delay. (A) Luc was translated in the PURE system in the presence of TF or TFNC
labeled with NBD at position 150. The relative change in NBD ﬂuorescence during
ongoing translation was monitored. After reaching saturation of ﬂuorescence,
excess unlabeled TF was added. The dissociation of TF or TFNC from Luc-RNCs was
measured and plotted as the normalized ﬂuorescence change versus time. (B)
Comparison of t1/2 values for TF150-NBD/Luc and TFNC150-NBD/Luc dissociation.
(C) Translation reactions as in (A) were stopped after 30 min by addition of RNaseA
and the increase in Luc activity was monitored over time. Control (Triangle), TF
(Circle), TFNC (Square).
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ing Luc nascent chain elongation as measured by intra-molecular
FRET [10], suggesting that TF may relax from a more expanded,
ribosome-associated state while maintaining its association with
the nascent polypeptide.
To examine directly whether Luc folding was shifted to a more
co-translational mode in the presence of TFNC, we inhibited trans-
lation with RNaseA. When translation was carried out in the pres-
ence of TFNC, no further increase in Luc activity occurred after
inhibition, indicating that folding had initiated co-translationally
and was completed rapidly after release of the full-length protein
from the ribosome (Fig. 3C). In contrast, a substantial further in-
crease in Luc activity occurred post-translationally when transla-
tion was performed in the presence of TF (Fig. 3C) [5]. Thus, the
shorter residence time of TFNC on the nascent chains serves to cou-
ple folding more closely to translation.
3.4. TFNC promotes the folding of Ras–DHFR
To further investigate the mode of TFNC action, we analyzed the
folding behavior of the two-domain model protein, Ras–DHFR, in
which the Ras and DHFR domains are joined by a ﬂexible linker.
This fusion protein undergoes intra-molecular misfolding during
post-translational folding in E. coli, while the individual domains
fold efﬁciently [4]. We analyzed the protease protection pattern
of Ras–DHFR to monitor the kinetics of its folding in the PURE sys-
tem. Correctly folded Ras–DHFR is cleaved by the protease at the
linker region (Fig. 4A) to yield the Ras and DHFR domains, whereas
the misfolded protein is relatively protease resistant [4]. In the
unsupplemented control reaction, a fraction of total Ras–DHFR ap-
peared as misfolded after 31 min of translation. Folded protein was
also detected, as indicated by the production of its protease resis-
tant domains. In the presence of TF, the appearance of folded and
misfolded Ras–DHFR was delayed relative to the translation of
the full-length protein. In contrast, in the presence of TFNC, foldedFig. 4. Translation and folding of Ras–DHFR in the presence of TF or TFNC. (A)
Linear representation of the Ras–DHFR–His6 fusion protein. (B) Ras–DHFR was
translated in the absence or presence of TF or TFNC in the PURE system. At different
time points aliquots were incubated in the absence (lanes 1–5) or presence of
proteinase K (lanes 6–10). Samples were TCA precipitated, separated by SDS–PAGE
and visualized by autoradiography. Full length Ras–DHFR protein is indicated by an
arrow, protease resistant DHFR domain is indicated by an asterisk and protease
resistant Ras domain by an arrowhead.
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by the presence of protease resistant DHFR domain, increased from
40% to 70% (Fig. 4B). Moreover, folded Ras domain appeared be-
fore folded DHFR, consistent with sequential domain folding.
4. Concluding remarks
We have demonstrated in this study that the PPIase domain of
TF contributes to delaying the folding of certain eukaryotic multi-
domain proteins relative to translation by prolonging the residence
time of TF on the nascent chain. Deletion of this domain is beneﬁ-
cial for the efﬁcient folding of such proteins by facilitating a do-
main-wise folding regime that resembles the co-translational
folding pathway used by these proteins in eukaryotes [4,5,27]. Re-
cently it was shown that reducing the polypeptide translation rate
in E. coli also results in an improvement of co-translational folding
for Luc and certain GFP fusion proteins [6]. Combining TFNC and
slow translation may have a synergistic beneﬁcial effect on mul-
ti-domain protein folding that may prove useful in biotechnologi-
cal protein production.
Although the prolyl isomerisation activity of the PPIase domain
is not essential for TF function in vivo [22,23], it would appear that
a subset of bacterial proteins is adapted to utilize the PPIase do-
main to optimize their folding efﬁciency. The possible role of the
PPIase activity in this process remains to be investigated.
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